Abstract. Ketone bodies are considered to act as a signal to suppress gonadotropin release during negative energy balance. The present study examined the effect of 48-h fasting on the mRNA expressions of monocarboxylate transporter 1 (MCT1) and MCT2, which are involved in ketone body transport, in several brain regions. Quantitative real-time RT-PCR analysis showed that the MCT2 mRNA levels were significantly increased by 48-h fasting in the area postrema-solitary tract nucleus (AP-NTS) region but not the arcuate nucleus-ventromedial hypothalamic nucleus (ARC-VMH) and central gray-supragenual nucleus around the 4th ventricle (CG-SGe) regions. Fasting did not significantly affect MCT1 mRNA expression in any of the brain areas examined. Luteinizing hormone (LH) pulse frequency significantly decreased and plasma concentrations of β-hydroxybutyric acid, a ketone body, significantly increased after 48-h fasting. The present results suggest that increased uptake of ketone bodies via MCT2 in the AP-NTS region is likely involved in the mechanism of fasting-induced suppression of LH secretion in rats. Key words: Fasting, Ketone body, Luteinizing hormone, Monocarboxylate transporter (J. Reprod. Dev. 55: [256][257][258][259][260][261] 2009) nergy balance has been reported to control pulsatile luteinizing hormone (LH) secretion [1, 2] . In high-performance dairy cows, negative energy balance caused by the high-energy requirements during lactation has been suggested to be involved in the decline in LH secretion and reproductive performance [3] . Glucose sensing by the hindbrain is thought to be of particular importance in suppression of LH secretion under negative energy balance [4, 5] . It is also possible that other oxidizable fuels, such as fatty acids [6, 7] and ketone bodies [8] , serve as metabolic signals informing the brain of nutritional conditions to induce LH suppression.
(J. Reprod. Dev. 55: 256-261, 2009) nergy balance has been reported to control pulsatile luteinizing hormone (LH) secretion [1, 2] . In high-performance dairy cows, negative energy balance caused by the high-energy requirements during lactation has been suggested to be involved in the decline in LH secretion and reproductive performance [3] . Glucose sensing by the hindbrain is thought to be of particular importance in suppression of LH secretion under negative energy balance [4, 5] . It is also possible that other oxidizable fuels, such as fatty acids [6, 7] and ketone bodies [8] , serve as metabolic signals informing the brain of nutritional conditions to induce LH suppression.
Ketone bodies are produced in the liver from excess amounts of acetyl-CoA under malnutritional conditions. Under such circumstances, glucose utilization in the brain decreases, while uptake of ketone bodies into the brain increases [9] [10] [11] . Ketone bodies have been reported to be utilized as an energetic substitute for glucose [9, 12, 13] . On the other hand, ketone bodies might be a signal for the brain to induce suppression of LH secretion under negative energy balance. This is because the fourth cerebroventricular injection of 3-hydroxybutyrate, a physiological ketone body, suppressed pulsatile LH secretion in female rats [8] , suggesting that ketone bodies are sensed by the hindbrain, same as glucose [14] .
Proton-coupled monocarboxylate transporters (MCTs) are responsible for the transport of monocarboxylates, such as ketone bodies, lactate and pyruvate, into the cell [15, 16] . Of 14 distinct MCT molecules identified, MCT1 and MCT2 are the major isoforms in the rodent brain [17, 18] . MCT1 is mainly expressed in microvessel endothelial cells, ependymocytes lining the cerebroventricles, glial limitans and choroid plexus epithelium [19] [20] [21] [22] , and MCT2 is a neuronal subtype of the transporter in the brain [23, 24] . The expression of MCTs in the brain has been reported to be influenced by various ketogenic situations. Expression of MCT1 [23] [24] [25] and MCT2 [24] mRNA in neonatal brains is much greater than in adult brains, which may be associated with the fact that ketone bodies synthesized by hepatic oxidation of maternal milk fat are major metabolic fuels for neonatal brain [26] [27] [28] . An electron microscopic study in the adult rat brain revealed that MCT1 expression increases in response to the elevated plasma levels of ketone bodies induced by a high-fat diet [29] .
Neurons in the area postrema and solitary tract nucleus (AP-NTS) have been demonstrated to be involved in nutritional regulation of reproduction [30, 31] as well as feeding [32] . The arcuate nucleus and ventromedial hypothalamic nucleus (ARC-VMH) and the central gray and supragenual nucleus around the 4th ventricle (CG-Sge) regions have also been shown to be involved in control of reproductive function and ingestive behavior [5] . In the present study, we examined the effect of 48-h fasting on the MCT1 and MCT2 mRNA expressions in such brain regions, the ARC-VMH, CG-SGe and AP-NTS, in estradiol-treated ovariectomized (OVX) rats.
Materials and Methods

Animals
Adult Wistar strain female rats (Charles River Laboratories Japan, Kanagawa, Japan) weighing 200-280 g were maintained under controlled lighting (lights on 0500-1900 h) and temperature (22 ± 2 C) with free access to food (CE-2; Clea Japan, Tokyo, Japan) and water. All animals were OVX and immediately received a subcutaneous estradiol-17β (E2, Sigma Chemical, St. Louis, MO, USA) implant to produce diestrous plasma E2 levels as previously described [33] . This estrogen treatment has been shown to cause profound suppression of LH pulses when animals are subjected to 48-h fasting [33] . All experiments were approved by the Committee for the Care and Use of Experimental Animals at the National Institute of Livestock and Grassland Science.
Experimental procedure
Animals (n=9) were fasted for 48 h and then sacrificed by decapitation. After removing the whole brain, tissues, including the ARC-VMH, CG-SGe and AP-NTS, were punched out with vinyl chloride tubing (i.d., 1.5 mm; o.d., 2 mm) from the coronal sections of brains sliced with a brain slicer (Fujihira Industry, Tokyo, Japan). The coordinates of the brain atlas [34] At decapitation, blood samples were collected to determine plasma concentrations of β-hydroxybutyric acid (β-HBA), non-esterified fatty acid (NEFA), glucose and lactate. Plasma was separated by centrifugation (4 C, 3,000 rpm, 15 min) and stored at -30 C until assayed. Unfasted control rats (n=7) had a free access to food throughout the experiment.
In a separate experiment, the effect of 48-h fasting on plasma LH pulses was examined. Blood samples (100 μl) were collected from free-moving conscious rats every 6 min for 3 h through a silicon cannula (Shin-Etsu Polymer, Tokyo, Japan) that had been attached 3 days before blood sampling. Each blood sample was replaced with an equivalent volume of washed red blood cells obtained from other individuals to keep the hematocrit constant. Plasma was separated by centrifugation (4 C, 3,000 rpm, 15 min) and stored at -30 C until assayed for LH.
Quantitative analysis of mRNA for MCTs MCT1, MCT2 and β-actin mRNA expressions in each brain region were quantified by real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis. Briefly, DNA-free total RNA was purified from the punched out tissues with an RNAqueous-Micro kit (Ambion, Applied Biosystems, Austin, TX, USA) according to the manufacturer's instructions. Subsequently, cDNA was reverse-transcribed from total RNA using a ThermoScript RT-PCR System (Invitrogen, Carlsbad, CA, USA) with oligo (dT) primer. Real-time RT-PCR analysis was performed with the Mx4000 Multiplex Quantitative PCR system (Stratagene, La Jolla, CA, USA). Each reaction mixture consisted of cDNA, forward and reverse primers, SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) and nuclease-free water in a total reaction volume of 20 μl. The concentrations of MCT1, MCT2 and β-actin primers in the mixture were 50, 200 and 100 nM, respectively. In the SYBR Green assay, the primers encoding for the MCT1, MCT2 and β-actin sequences were designed (Table 1) as previously described [35, 36] . The ratios of MCT1/β-actin and MCT2/β-actin mRNA were calculated to adjust for any variations in the RT-PCR reaction. The amplicons were analyzed by agarose-gel electrophoresis and visualized by ethidium bromide staining. The amplicons were refined using ExoSAP-IT (GE Healthcare UK, Amersham, UK), and then the identities of the amplified MCT1, MCT2 and β-actin cDNA products were confirmed by DNA sequencing (310 Genetic Analyzer, Applied Biosystems).
Assays
Plasma concentrations of β-HBA (Ketone-test B-Sanwa liquid kit, Sanwa Kagaku Kenkyusho, Nagoya, Japan), NEFA (NEFA CTest Wako, Wako Pure Chemical Industries, Osaka, Japan), glucose (Glucose C II-Test Wako, Wako Pure Chemical Industries) and lactate (Lactate Reagent, Trinity Biotech PLC, Wicklow, Ireland) were determined with commercial kits in samples obtained from 48-h fasted and ad libitum-fed rats. All procedures followed the manufacture's instructions. Plasma LH concentrations were determined with an RIA kit provided by the National Hormone and Peptide Program (Baltimore, MD, USA). The concentrations were expressed in terms of NIDDK rat LH RP-3. The least detectable concentration of LH in a 50-μl plasma sample was 0.156 ng/ml. The intra-and inter-assay coefficients of variation were 3.0 and 1.3%, respectively, at 2.0 ng/ ml.
Data analysis
LH pulses were identified with the PULSAR computer program [37] as described previously [38] . The mean LH concentrations, frequency and amplitude of LH pulses for both 48-h fasted and ad libitum-fed rats were calculated for each individual and then for each group. The ratios of MCT1/β-actin and MCT2/β-actin mRNA and plasma concentrations of metabolic substrates were averaged for both 48-h fasted and ad libitum-fed rats. Statistical differences (P<0.05) between the 48-h fasted and ad libitum-fed Figure 1 shows photomicrographs of representative coronal sections of the rat brain tissues from which the ARC-VMH (A and D), CG-SGe (B and E) and AP-NTS (C and F) regions were punched out.
Results
Histology
Quantitative MCT1 and MCT2 mRNA expressions in discrete brain areas
MCT1, MCT2 and β-actin mRNA were detected in the ARC-VMH, CG-SGe and AP-NTS in OVX+E2 rats ( Fig. 2A) . Each nucleotide sequence of the amplicons with the use of specific primers was found to be 100% identical to the sequences of rat MCT1, MCT2 and β-actin genes (GenBank Accession No. NM_012716, NM_017302 and NM_031144, respectively). Quantitative realtime RT-PCR analysis showed that the MCT2 mRNA level in the AP-NTS of fasted rats was significantly higher (P<0.05, Student's t-test) than ad libitum-fed rats (Fig. 2C) . No significant effect of 48-h fasting was found on the MCT2 mRNA levels in the other brain regions examined, though the level in the CG-SGe tended to increase after 48-h fasting (P=0.24 vs. ad libitum-fed rats). MCT1 mRNA expression was not significantly affected by fasting in any of the discrete brain areas examined (Fig. 2B) .
Plasma β-HBA, NEFA, glucose and lactate concentrations
Plasma β-HBA and NEFA concentrations in the fasted rats were significantly higher than in the ad libitum-fed controls. To the contrary, significant decreases in plasma glucose and lactate concentrations were found in the 48-h fasted OVX+E2 rats compared with the ad libitum-fed controls (Fig. 3) .
Pulsatile LH secretion after 48-h fasting
Pulsatile LH secretion was suppressed by fasting in OVX+E2 rats (Fig. 4A) . The frequency of LH pulses in the 48-h fasted rats was significantly lower (P<0.05, Student's t-test) than in the ad libitum-fed rats (Fig. 4B) . The mean LH concentrations and amplitude of LH pulses were not significantly affected by fasting.
Discussion
In the present study, MCT2 mRNA expression in the AP-NTS, but not in the hypothalamic nuclei, such as the ARC-VMH region, significantly increased after 48-h fasting in OVX+E2 rats, implying that monocarboxylate uptake via MCT2 increased during undernutrition in AP-NTS neurons. The present study also showed that β-HBA, but not lactate, was increased in the peripheral circulation by 48-h fasting. It has been shown that the influx of ketone bodies from the blood into the brain is facilitated during starvation in rats [9] . Ketone bodies, therefore, might be a molecule picked up by AP-NTS neurons through MCT2.
In the current study, pulsatile LH release was inhibited by 48-h fasting. Ketone body injection into the hindbrain has been reported to suppress LH pulses in female rats [8] . Thus, it is tempting to speculate that AP-NTS neurons are a part of the sensing mechanism for ketone bodies under ketogenic conditions and mediate the suppression of LH secretion. This notion is well consistent with the previous studies revealing the localization of energy-sensing mech- anism in the hindbrain. Fourth ventricular injections of 2-deoxyglucose [14] , a glucose antagonist, alloxan [39] , a glucokinase inhibitor and mercaptoacetate or trimetazidine [6] , inhibitors of fatty acids oxidation, suppresses pulsatile LH release in female rats. Overall, a mechanism sensing energy substrates might be located in the hindbrain of rats. It has been suggested that a sensing mechanism for nutritional condition exists in the lower brainstem [4, 5, 40] , and the hindbrain region plays important roles in the nutritional regulation of physiological functions such as feeding [32] and reproduction [30, 31] . In fact, neurons within the caudal hindbrain also monitor lactate utilization as an indicator of energy imbalance in the central nervous system [41] . Thus, the transport system of monocarboxylates such as ketone bodies and lactate through MCT2 in the medulla oblongata might participate in nutritional regulation of physiological functions. Moreover, the vagus nerve projecting to the NTS is involved in the fasting-induced suppression of pulsatile LH secre- tion [42] and lipoprivic increase in food intake [32, 43] in rats. These facts lead to speculation that the neuronal signals through vagus nerve participate in the regulation of MCT2 expression in the medulla oblongata during fasting. In addition, when glucose utilization is reduced during fasting, uptake of ketone bodies into the brain increases for utilization as a substitute for glucose in the brain [9] . Accordingly, reduction of the plasma glucose concentration and/or elevation of the plasma β-HBA concentration by 48-h fasting might also contribute to increase MCT2 mRNA expression in the medulla oblongata of rats. Further experiments are needed to clarify the above-mentioned points. Ketosis has been reported to increase MCT1 expression in the brain. MCT1 expression is much greater in the neonatal brain compared with the adult brain in rodents [23] [24] [25] . High-fat dietinduced ketosis also enhances MCT1 mRNA expression in the adult rat brain [29] . In the present study, MCT1 mRNA expression was not significantly affected by 48-h fasting in any brain region examined in the OVX+E2 rats. This suggests that the central monocarboxylate transport system is different during fasting from that during suckling-or high-fat diet-induced ketosis. Fat mobilization could be accelerated by fasting, as the present study showed that plasma glucose and lactate levels decreased while NEFA and β-HBA levels increased during fasting. In this context, the nutritional status during 48-h fasting could be similar to suckling-and high-fat diet-induced ketosis with regard to fat metabolism. On the other hand, fasting for 48 h might induce an acute nutritional change, whereas ketosis induced by suckling and high-fat diet might cause a chronic nutritional change. This may result in the inconsistency in central MCT1 expressions between fasting and suckling or highfat diet.
In summary, the present results suggest that an increased uptake of ketone bodies via MCT2 in the AP-NTS region is likely involved in the mechanism of fasting-induced suppression of LH secretion in rats.
